The present work reports on the comparative characterization of optical properties of hafnium and zirconium-based ultra-refractory ceramics at room and high temperature, in view of their possible use in novel solar receivers for thermal solar plants operating at higher temperatures. We show how porosity and surface finishing affect both the spectral reflectance and the high-temperature emittance. Moreover, structural and chemical changes occurring at high temperatures are assessed.
Introduction
Finding an environmental-friendly, efficient and sustainable answer to the energy problem is one of the main challenges the mankind has to face now and in the next future. Concentrating Solar Power (CSP) is considered to be one of the most promising and sustainable technologies both for electricity [1] and solar fuels production [2] . For both applications, the increase of the plant operating temperature is a critical requirement for increasing the overall system efficiency. The key parameter is the absorber material constituting the solar receiver, which is devoted to collect and efficiently transfer to the thermal exchange medium the energy concentrated by the whole mirror field. The ideal sunlight absorber for high temperatures must possess a series of favourable properties: a good mechanical and chemical ZrB 2 , (Starck grade B,) HfB 2 (CERAC Inc. Milwaukee, WI ), HfC (CERAC Inc. Milwaukee, WI); MoSi 2 (<2µm, Aldrich, Steinbeim, Germany) was selected as sintering aid. The following compositions (vol%) were produced: -90ZrB 2 +10 MoSi 2 , labeled as ZrB 2 _d -90HfB 2 +10MoSi 2 , HfB 2 _d -100HfC, HfC_d -90ZrB 2 +10MoSi 2 , ZrB 2 _p -90HfB 2 +10 MoSi 2 , HfB 2 _p -90HfC+10MoSi 2 , HfC_p The powder mixtures containing MoSi 2 were milled in absolute ethanol using ceramic milling media, subsequently dried in a rotary evaporator and sieved through a 250 µm screen. Ceramic powders were then consolidated by hot pressing at 1900°C, reaching final densities over 96% (see Table I ). Starting from the same compositions, porous samples were produced labeled as ZrB 2 _p, HfB 2 _p, HfC_p. To this purpose a porous forming agent was used and the powder mixtures were consolidated by pressureless sintering. The weight amount of foaming agent was the same for ZrB 2 , HfB 2 and HfC, resulting in different volumetric amounts and thus different levels of porosities in the final materials. Mercury porosimetry was employed to measure the pore size and distribution. The sintered materials were cut by electro discharge machining as disks with 40 mm diameter and 3 mm height. Dense materials were further finished by conventional diamond machining. Onto the discs, the mean surface roughness (R a ) was measured according to the European standard CEN 624-4 using a commercial contact stylus instrument (Taylor Hobson mod. Talysurf Plus) fitted with a 2 µm-radius conical diamond tip over a track length of 8 mm and with a cut-off length of 0.8 mm. Before and after irradiation, surface morphology of dense and porous materials was analyzed by SEM (SEM, Cambridge S360, Cambridge, UK) and energy dispersive spectroscopy (EDS, INCA Energy 300, Oxford instruments, UK). Typical morphology of as-machined surface is shown in Fig. 1 . A smooth surface was obtained for dense materials with R a ranging from 0.3 to 0.4 µm. A very irregular surface was instead observed for porous materials for which the surface roughness increased to 1.2-1.8 µm. According to porosity measurements, the pore size is similar for the three materials, most of the pore sizes are distributed around 2-3 µm. It is apparent that ZrB 2 is much less porous than HfB 2 and ZrB 2 . Table I lists the investigated samples. In all six materials, the bulk microstructures were spatially uniform and consisted of rounded, relatively equiaxed grains with mean grain dimensions around 1 µm for HfC and HfB 2 , 3 µm for ZrB 2 . MoSi 2 was present as a crystalline phase in the final microstructure, as detected by X-ray diffraction and SEM-EDS, in agreement with previous studies [16] [17] [18] . 
High temperature emittance
Hemispherical emittance at high-temperature has been measured using the MEDIASE setup (Moyen d'Essai et de DIagnostic en Ambiance Spatiale Extreme) of the PROMES-CNRS Megawatt Solar Furnace. MEDIASE is composed by a vacuum chamber with ultimate pressure limit of 10 -6 mbar, equipped with a hemispherical silica glass window of 35 cm diameter. The samples were heated by concentrated solar power at the focus of the solar furnace. Care was taken in mounting the sample in such a way to minimize the thermal losses towards the holder. The directional radiance was measured on the rear face of the sample at different angles thanks to a movable, computer-controlled three-mirror system. The light detector was a radiometer sensitive to the 0.6-40 μm wavelength range. The radiance was collected from a small region of about 7 mm diameter (for 0° angle of incidence) around the center of the sample using a Cassegrain optical system in front of the radiometer. The spectral response of the optical system was calibrated against a reference blackbody. Figure 2 shows the scheme of the experimental chamber. At given angle θ and temperature T, the directional emittance ε(θ, T), integrated on the sensitivity range of the detector, was obtained as the ratio between the measured radiance I(θ,T) and the blackbody directional radiance I B (T). Hemispherical emittance values ε ∩ (T) were calculated by integration of the measured angular values over a half space, assuming hemispherical symmetry of the emission lobe. To reduce unwanted effects due to inhomogeneous temperature distributions between the colder borders and the heated sample body (in all cases not larger than about few degrees Celsius), the radiance was collected from a small region of about 7 mm diameter (for 0° angle of incidence) around the sample center using a Cassegrain optical system in front of the radiometer. The surface temperature was read using a pyro-reflectometer specifically developed at PROMES-CNRS [19, 20] , read near the center of the sample and approximated by the color temperature [21] . The relative standard uncertainties of the temperature measurement are typically from 0.5 to 1%, while the relative standard uncertainty of the emittance measurement is 2.5%.
Room temperature reflectance
For diagnostic purposes, the optical reflectance of the samples at room temperature was measured. The spectra in the 0.25-2.5 µm wavelength region were acquired using a doublebeam spectrophotometer (Lambda900 by Perkin Elmer) equipped with a 150-mm diameter integration sphere for the measurement of the hemispherical reflectance. The spectra in the wavelength region from 2.5 to 14.3 μm were acquired using a Fourier Transform spectrophotometer (FT-IR "Excalibur" by Bio-Rad) equipped with a gold-coated integrating sphere and a liquid nitrogen-cooled detector. In all cases the reflectance spectra are referred to a quasi-normal incidence angle. As for hafnium carbide, the emittance values lie within the 0.35-0.60 range for the dense sample and 0.55-0.70 for the porous one. In the temperature range 1100-1500 K, both samples show a similar slope for the emittance versus the temperature, which is higher than for the borides described above. The porous sample has been tested up to 1850 K and shows, above 1400 K, a slight emittance decrease versus the temperature. Also in the case of HfC the emissivity is higher for the porous/rougher sample, as expected. Comparing HfC and HfB 2 having similar values of porosities, it can be concluded that both in the dense and in the porous form HfC has a higher emissivity than the boride.
Results

Emittance
Optical spectra
Figures 4-5 show the acquired hemispherical reflectance spectra in the wavelength region 0.3-14.0 µm for dense and porous samples, respectively and taken after the high-temperature experiments. For comparison, Fig. 3 shows also the spectrum of an alumina (Al 2 O 3 ) disc, as this material is currently under study for solar absorbers [6] . Alumina is very refractory, but it has non-optimal sunlight absorption and thermal emittance properties, as it can be inferred from Fig. 4 . In fact, Al 2 O 3 has a very high reflectance at the solar spectrum wavelengths, while the reflectance decreases above 4 µm wavelength, becoming lower than 40% in the range 4.9-11.0 µm and lower than 20% between 5.7 and 10.9 µm. On the other hand, all the UHTC samples show step-like, almost S-shaped curves with a reflectance lower than 20% for wavelengths shorter than about 2 µm. Then the reflectance almost monotonically increases for longer wavelengths. Dense samples show a higher reflectance than porous ones, as expected. In the dense form, HfC has the lowest reflectance in the whole range tested. In the range 1.5-3 µm, ZrB 2 has the highest reflectance, while HfB 2 is the highest reflectance material in the range 3-14 µm. In the porous form, reflectance is always lower than for dense composites. As an example it can be observed that at λ=3 µm, reflectance of ZrB 2 and HfB 2 decreases from 60 to 50%. Borides show again a crossed behavior, but inverted compared to their dense forms. It can be noticed that ZrB 2 among the porous samples, has the highest reflectance in the range 2.5 -14 µm, which can be due either to lower porosity and to the pore size. Most of the pores are in fact in the range <2-3 µm. Instead, porous HfB 2 has a considerable fraction of pores in the range 3-10 µm which can explain the reflectance decrease compared to ZrB 2 in the range 3-14 µm. It should be emphasized also that UHTC spectra are considerably different also from those of silicon carbide (SiC) [14] , which is at present the most explored material for solar absorbers [7] . 
Post-test analysis
After emissivity tests the morphology of the irradiated samples was controlled by SEM-EDS. No significant variation of surface morphology was observed, apart from a general blackening of the irradiated surfaces. Typical morphologies of the porous samples are shown in Fig. 6 .
Fig. 6. Details of surface morphology of porous samples: a) ZrB 2 , b) HfB 2 , c) HfC. Residue of the final machining are sometimes visible on the edges of sample a).
As for ZrB 2 -based specimens, the dense one (ZrB 2 _d) has been tested in the solar furnace up to 1450 K. traces of amorphous phases could be detected on the surface, likely explained as machining residuals. In agreement with microstructural observations, pre-test optical spectrum shows the typical MoSi 2 shoulder at around 2.7 µm, that disappeared in the post-test spectrum, thus confirming the reaction of a significant part of MoSi 2 at least on the surface (Figure 6 ). Although emissivity tests were carried out in high vacuum, formation of Mo-rich species is ascribed to the presence of small traces of oxygen according to the following chemical reactions:
Both these reactions lead to MoSi 2 consumption. Similar mechanisms were already observed during oxidation experiments at 1500 K in air in the subsurface portion of ZrB 2 -MoSi 2 composites where the oxygen partial pressure is generally much lower than on the surface [22] .
From Fig. 7 we can also appreciate the significant post-test reflectance decrease for wavelengths shorter than 2 µm, which is the reason of the general visual blackening of the samples mentioned above. The sample HfB 2 _d has been tested up to 1650 K temperature. By SEM-EDS analyses, oxygen content on the surface was not significantly different before and after the emittance measurements, however XPS studies should be carried out to unravel the presence of oxide species. The porous sample (HfB 2 _p) has been tested up to 1400 K, and also in this case, no particular microstructure modification was detected by SEM-EDS. In the post-test reflectance spectrum of this sample, we observed the disappearing of the MoSi 2 2.7 µm feature similarly to what happens in ZrB 2 _p. This suggests that similar mechanisms as those depicted in reactions listed above could have occurred, probably on a more superficial level than for ZrB 2 . Dense and porous HfC (HfC_d, HfC_p) has been tested up to 1450 K and 1850K respectively. Even in this case, just traces of oxygen were detected by EDS, that could be already present in the starting materials. 
Discussion and further work
Room temperature optical spectra and high temperature emittance confirm that both the boride and carbide UHTC families, and both dense and porous specimen types are promising for high temperature solar applications thanks to the spectral selectivity and low thermal emittance at high temperatures, when compared to the Al 2 O 3 and SiC reference materials.
In analogy with the classical definition of an ideal absorber [5] , the sample spectral selectivity can be qualitatively evaluated by defining a cutoff wavelength λ c , corresponding, for our nonideal absorbers, to the wavelength where the reflectance reaches a half of its maximum value. Table II shows cutoff wavelengths and maximum values of reflectance for the investigated samples. The choice of materials according to cutoff wavelengths is connected to the required operating temperature, i.e. to the actual thermal spectrum to be discriminated [23] . From  Table II we can appreciate than ZrB 2 does not show differences in the cutoff wavelength as a function of the sample porosity. As for the hafnium-based ceramics, cutoff wavelengths for dense and porous HfB 2 differ of nearly 1 µm and for dense and porous HfC of more than 2 µm, with porous specimens showing the shorter cutoff with respect to the dense ones. Thus, from a purely optical properties point-of-view and for the proposed solar absorber application, hafnium-based porous samples seem more performing at lower temperatures. As for the measured emittance, borides show a lower and more constant emittance than HfC at temperatures above 1200 K, while at 1100 K, for all the investigated materials, dense samples have emittance values around 0.35 and porous discs around 0.5. It should be emphasized that for all the materials under study the measured emittance is lower than that of silicon carbide [14] , which is a material currently used in solar receivers [7] . Surprisingly, both the boride porous samples show similar emittance values, even if their porosity is significantly different (13% vs 39%). However, it should be noticed that, despite the very different level of porosity and pore size, roughness values are not very different for the materials under consideration. Further investigations are in progress for a larger number of samples with different densities to understand for borides the connection between porosity and emittance, if any. As for the chemical changes occurring in the investigated materials at high temperatures, present results just confirm that UHTCs are very sensitive to the presence of oxygen, but the effect of surface oxidation on emissivity is very small or negligible in the range of temperatures and conditions analysed. It is very likely that if the materials are more heavily oxidized, emissivity increases significantly, as already observed [24] . This will be object of future investigations. Literature reports have shown as the oxidation behaviour in UHTCs is a complex phenomenon depending on many different parameters including the surface finishing and even the employed machining method [25] . However, our investigations demonstrate that reaching high temperatures in a relatively good vacuum (or under inert atmosphere) do not significantly activate oxidation or surface change phenomena, which are detrimental for solar absorber applications. Borides are particularly promising thanks to their better resistance to oxidation and better high-temperature stability as confirmed by the literature [26] , but also hafnium carbide is appealing with proper operating conditions. Further developments of the present work are foreseen and include the investigation of the spectral and emittance optical properties after thermal cycling.
